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ABSTRACT. By means of Riccati transformation technique, we establish some
new oscillation criteria for the third-order nonlinear delay dynamic equations

3
227 (1) + p(t)a” (r(1) = 0
on a time scale T unbounded above, here v > 0 is a quotient of odd positive

integers with p real-valued positive rd-continuous function defined on T. Three
examples are given to illustrate the main results.

1. INTRODUCTION

The theory of time scales, which has recently received a lot of attention, was
introduced by Hilger in his Ph. D. thesis [I] in order to unify continuous and
discrete analysis. A time scale T is an arbitrary nonempty closed subset of the
reals, and the cases when this time scale is equal to the reals or to the integers
represent the classical theories of differential and of difference equations. Many
other interesting time scales exist, and they give rise to plenty of applications,
among them the study of population dynamic models (see [2]).

Not only can this theory of so-called dynamic equations unify the theories of
differential equations and difference equations, but also it is able to extend these
classical cases to cases “in between”, e.g., to so-called g-difference equations. Several
authors have expounded on various aspects of this new theory; see the survey paper
by Agarwal et al. [3] and references cited therein. A book on the subject of time
scales, by Bohner and Peterson [2], summarizes and organizes much of the time
scale calculus, see also the book by Bohner and Peterson [4] for advances in dynamic
equations on time scales.
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Recently, there has been a great deal of research activity concerning the oscil-
lation and nonoscillation of solutions of various equations on time scales, we refer
the reader to the papers which deal with the first-order dynamic equations [5-7]
and second-order dynamic equations [8-16]. However, there are few results dealing
with the oscillation of solutions of third-order and higher-order dynamic equations
[17-27].

Han et al. [16] considered the second-order Emden-Fowler delay dynamic equa-
tions

2 () + p(t)a (r(t)) =0, t € T with sup T = oo, (1.1)
Using the equality

2\% 24\
DAYAN _ AN2 T\Y
Wi (5) =2 -wn ((£)°) (12)
where u and z are differentiable on a time scale T with u(t) # 0 for all ¢t € T, they

established some oscillation criteria for (|1.1)).
In 2007, Erbe et al. [18] investigated the third-order dynamic equations

22 () + p(t)z(t) = 0, t € T with sup T = oo, (1.3)

where p is a positive real-valued rd-continuous function on T, and the authors
obtained some Hille and Nehari type criteria for the oscillation of (1.3]).
Han et al. [25] studied the third-order nonlinear delay dynamic equations

((a:A2 (t))”’)A +p(t)x7(7(t)) =0, t € T with sup T = oo, (1.4)

and obtained some new oscillation results for ([1.4)).
In this paper, by using (1.2)), we consider the following delay dynamic equations

22 (t) +p(t)z?(r(t)) =0, t € T with supT = 0. (1.5)

We assume that v > 0 is a quotient of odd positive integers, p is a positive real-
valued rd-continuous function defined on T, 7 : T — T is a rd-continuous function
such that 7(¢) <t and 7(t) — oo (t — 00).

Since we are interested in oscillatory behavior, we assume throughout this paper
that the given time scale T is unbounded above. We assume ty3 € T and it is
convenient to assume to > 0. We define the time scale interval of the form [tg, 00t
by [to, 00)T = [tg,00) N T.

The paper is organized as follows: In Section 2, we apply a simple consequence
of Keller’s chain rule, devoted to the proof of the sufficient conditions which ensure
that every solution of (1.2) is either oscillatory or has a finite limit at oo. In Section
3, three examples are considered to illustrate the main results. In Section 4, we will
give some conclusions for this paper.

2. MAIN RESULTS

In this section we establish some new oscillation criteria for (L.5). In order to
prove our main results, we will use the formula

()" = 7/0 [h? (1) + (1 = h)z(t)]" ™"« (t)dh, (2.1)
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where z is delta differentiable and eventually positive or eventually negative, which
is a simple consequence of Keller’s chain rule (see Bohner and Peterson [2, Theorem
1.90)).

Before stating our main results, we begin with the following lemmas which are
crucial in the proofs of the main results.

Lemma 2.1. Assume that  is an eventually positive solution of (1.5)). Then there
are only the following two cases for t > t1 sufficiently large:

(1) z(t) > 0, z2(t) > 0, 22’ (t) >0 and A’ (t) <0 (unbounded),

or

(ii) z(t) > 0, 22(t) <0, z2°(t) > 0 and 22°(t) < 0 (bounded).

The proof of the lemma above is a direct consequence of Kneser’s theorem (see
[22]) for third order derivative.
In [2, Section 1.6] the Taylor monomials {h,(t, s)}52, are defined recursively by

¢
ho(t,s) =1, hupii(t,s) = / hn(1,8)AT, t, s€T, n>0.

It follows from [2] Section 1.6] that hq(t,s) =t — s for any time scale, but simple

formulas in general do not hold for n > 2.

Lemma 2.2. [I8, Lemma 4] Assume that x satisfies case (i) of Lemmal[2.dl Then
o tx(t)
| f————
B2 ot to) 2B (t)

Lemma 2.3. Assume that © is a solution of (L.5|) which satisfies case (i) of Lemma
23 I

> 1. (2.2)

/OO p(t)(ha(T(t),10))Y At = o0, (2.3)

to

then
A

2 (t) > ta™” (t), is eventually nonincreasing. (2.4)

Proof. Let x be a solution of (1.5 such that case (i) of Lemma holds for
t > t1. Define .
X(t) = 22(t) — tz® (1).
Thus 3
X2(t) = —o(t)z™ (t) > 0.
We claim that X (¢) > 0 eventually. Otherwise, there exists to > ¢; such that
X(t) < 0 for t > ty. Therefore,
SO
I() = - ()>07 t2t27
t to(t)
which implies that 2 (t)/t is strictly increasing on [to, 00)t. Pick t3 > t5 such that
7(t) > to for all t > t3. Then, we have
A (r(t) _ 2 (t)
T(t) - to
then 2 (7(t)) > dr(t) for all t > t3. By Lemma [2.2] for any 0 < k < 1, there exists
ty > t3 such that

=d>0,

t>14.
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Hence, there exists t5 > t4 so that

hQ(T(t)atO)xA(T(t)) > dkhQ(T(t)vtO)
7(t) 7(t)
Integrating both sides of (1.5)) from ¢5 to ¢, we have

t

2 () — ™ (t5) + (dk)? / p(s)(ha(7(s), 1)) As < 0,

ts

z(r(t)) > k 7(t) = dkhao(7(t),t0), t>ts.

which yields that
t
w2 (t5) > (dh) / p(3) (ha((3). t0)) " As,
ts

which contradicts (2.3). Hence, X (t) > 0 and x®(t)/t is eventually nonincreasing.
The proof is complete.

Lemma 2.4. Assume that x is a solution of (L.5) which satisfies case (it) of
Lemma (2] If

/too ha(to, o(s))p(s)As = oo, (2.5)

0
then limy_,o 2:(t) = 0.

The result above is a restriction of [23] Theorem 3.1] to (1.5)).
Theorem 2.5. Assume that (2.3|) holds, v > 1. If

limsupt/toop(s) (W)v As = oo, (2.6)

t—o00

then every solution x of (1.5 is either oscillatory or lim;_,o x(t) exists.

Proof. Suppose that ((1.5) has a nonoscillatory solution x on [tg, c0)r. We may
assume without loss of generality that z(t) > 0 and x(7(¢)) > 0 for all ¢ € [t1, c0)T,
t1 € [to,00)r. Then by Lemma [2.1] z satisfies either case (i) or (ii).

Assume case (¢) holds. Set y(t) = ol (t). By (L.5), we have for T' >t > ty,

T T
uT) =y + [ P68 =y) = [ pe)a (),
t t
Hence .
2
/ p(s)a? (7(s))As = y(t) — y(T) < y(t) = 2> (¢).
t
By (2.2) and (2.4), for any 0 < k < 1, we have

22 (t) > tx? () > t/too p(s)x7(1(s))As > t/too kp(s) (hQ(:((SS))’tO)IA(T(S))>’Y As
>t [ o) (PR ) g =g [T (PR) o

> k> O) [ pls (“””)A

<$Att1)>ﬂy_l7

which yields that

[ (P A <

S

(=) <
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this contradicts (2.6). If case (i7) holds, then lim; ., 2(t) exists. The proof is
complete.

Using a Riccati transformation technique and (|1.2), we establish the following
results.

Theorem 2.6. Assume that (2.3) holds, v > 1. Furthermore, suppose that there
ezists a function z € C};([to,0)r,R) such that for some 0 < k < 1 and for all
constants M > 0, one has

timsup [ [p(s)(-(0r(s))2 = M0 @) As =0 (2)
where £(t) = k7 (ha(7(t),t0)/o(t))” . Then every solution x of is either oscil-

latory or limy_, o x(t) exists.

Proof. Suppose that has a nonoscillatory solution x on [tg, c0)r. We may
assume without loss of generality that z(t) > 0 and x(7(¢)) > 0 for all ¢ € [t1, 00)T,
t1 € [to, 00)r. Then by Lemma [2.1] x satisfies either case (i) or (i7).

Assume x satisfies case (7). Define the function w by

2
ZQIA

w= @A)y (2.8)

Then w(t) > 0. Using the product rule, we have

So, letting u = 22, from (1.5 and (T.2)) we get

v X : X : z A ?
o7 () e - et (i) )

(2.9)
In view of and , for any 0 < k < 1, we find
2(r(t) 2 (r(t)) (22 (r(t)
(@ao(t))  (aB(r(t)) (x2(¢))
ha(r(t),t0) \" (T(M)\" _ ;- (ha(7(t),0)\"
> (255) () -» (Mog™) - ew
On the other hand, it is follows that
1
(@2(@))* = 7/0 [ha7 () + (1 — h)a® (O]~ 2 (t)dh
> y(z® (1) A (1) = M (1), (2.11)
where M = (y/O=DgA(t))~1, if v > 1. If 4 = 1, we choose M = 1.
Thus, from , and , we see that
wh < —p(29)26 + MY TL(2R)2 (2.12)

Therefore,

/ [p(s)€(5)(2(0()))? = MY (22(5))”] As < w(ta),

t1
which contradicts (2.7]).
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If case (i¢) holds, then lim;_, o, z(t) exists. This completes the proof.

From Theorem we can obtain different conditions for oscillation of all solu-
tions of with different choices of z.

For example, let z = v/t, z = 1. Now Theorem yields the following results.

Corollary 2.7. Assume that (2.3) holds, v > 1. If
t M’Yil

1imsup/ p(s)o(s)€(s) — ——————— | As =0 2.13

mew [ (o8~ s (2.13)

for some 0 < k < 1 and for all constants M > 0, where £ is as in Theorem
then every solution x of (1.5 is either oscillatory or limy_,o x(t) exists.

Corollary 2.8. Assume that (2.3) holds, v > 1. If
t %l
h t
limsup/ p(s) <2(T(8)’0)> As = oo, (2.14)
to

t—00 0(5)

then every solution = of (1.5 is either oscillatory or lim;_,o x(t) exists.

Sometimes the following criteria is easier to check than the one given in Corollary
but it follows easily from Corollary as we always have o(t) >t for all t € T.

Corollary 2.9. Assume that (2.3)) holds, v > 1. If

lim sup /tt <p(s)a(s)g(s) M 4781> As = oo (2.15)

t—o00

for some 0 < k < 1 and for all constants M > 0, where £ is as in Theorem
then every solution x of (1.5 is either oscillatory or lim;_,o x(t) exists.

Theorem 2.10. Assume that (2.3) holds, v < 1. Furthermore, assume that there
exists a positive function z € C},([to, 00)T, R) such that for some 0 < k < 1 and for
all constants K > 0, one has

lim sup / [(s)€()(2(0(s)))? = K7 (0(s) 1 (z%(s)?] As = 00, (2.16)

t—o00 to

where £ is as defined as in Theorem (2.0, Then every solution x of (L.5)) is either
oscillatory or imy_,o, x(t) exists.

Proof. Suppose that has a nonoscillatory solution z on [tg, c0)r. We may
assume without loss of generality that z(t) > 0 and x(7(¢)) > 0 for all ¢ € [t1, c0)T,
t1 € [to,00)r. Then by Lemma 2.1, x satisfies either case (i) or (ii).

Assume z satisfies case (7). Define the function w as . We proceed as in the

proof of Theorem and we get (2.9) and (2.10). Note that v < 1, by (2.1]) we

have
1
(@) = V/O A7 (1) + (1 — h)z™ ()]~ 12" (t)dh

> (@7 (6) (1),
from (2.4), there exists a constant L > 0 such that 2 (t) < Lt, so
A Ao (@) A
(@@= T,
where we put K = (y//0-VL)~1 if v < 1. If y = 1, we choose K = 1.

(t), (2.17)
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Hence, from (2.9), (2.10) and (2.17)), we see that
wh < —p(29)2 + K7 Lol (28)2, (2.18)

Therefore,

/ [p(s)€(5)(2(0()))? = K77 (0())'77(25(5))?] As < w(t),

t1
which contradicts (2.16)).
If case (i7) holds, then lim; o 2:(¢) exists. This completes the proof.
From Theorem [2.10, we can obtain different conditions for oscillation of all so-
lutions of with different choices of z.
For example, let z = v/t, z = 1. Now Theorem yields the following results.

Corollary 2.11. Assume that (2.3) holds, v < 1. If

li?is;}p/t (p(s)a(s){(s) - m) As =00 (2.19)

for some 0 < k < 1 and for all constants K > 0, where £ is as in Theorem
then every solution x of (1.5 is either oscillatory or lim;_,o x(t) exists.

Corollary 2.12. Assume that (2.3) holds, v < 1. If (2.14)) holds, then every
solution x of (1.5]) is either oscillatory or limy_, o x(t) exists.

Sometimes the following criteria is easier to check than the one given in Corollary
2.11} but it follows easily from Corollary as we always have o(t) > t for all
teT.

Corollary 2.13. Assume that (2.3) holds, v < 1. If

v—1
177K

lim sup / (rorotsree) — (0 =Y s o0 220

t—o0

for some 0 < k < 1 and for all constants K > 0, where & is as in Theorem [2.6,
then every solution x of (1.5 is either oscillatory or lim;_, x(t) exists.

From Lemma we have the following results.

Theorem 2.14. Assume that (2.3) and (2.5) hold, v > 1. If one of the conditions
(2.6) and (2.7) holds, then every solution of (1.5) oscillates or tends to zero.

Theorem 2.15. Assume that (2.3)), (2.5) and (2.16) hold, v < 1. Then every
solution of (1.5)) oscillates or converges to zero.

3. EXAMPLES

In this section we give the following examples to illustrate our main results.
Example 3.1 Consider the third order delay dynamic equations on time scales

A3 B J(t) K 0% _
= (t) + ; (hg(f(t),to)) 27(r(t)) =0, tE€ [ty,00)T, (3.1)
where 8 > 0, v > 1 is a quotient of odd positive integers.

Let p(t) = B(o(t)/ha((t),t0))” /t. Tt is easy to see that all the conditions
of Corollary hold. Hence, every solution x of is either oscillatory or
lim; o x(t) exists.
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Example 3.2 Consider the third order delay dynamic equations on time scales

B
t(ha(7(t),t0))”
where 5 > 0, v < 1 is a quotient of odd positive integers.

Let p(t) = B/ (t(ha(T(t),t0))"). It is easy to see that all the conditions of Corollary
hold. Therefore, every solution x of is either oscillatory or lim;_, o, ()
exists.

Example 3.3 Consider the third order delay differential equation

2 () 4 (@O —2) =0, 1 € [to,00), (33)
where vy =3, 7(t) = ¢ — 2.
For T = R, we have ha(7(t),tg) = (t — 2 — t0)?/2. Let p(t) = e*7°. It is easy to

see that all the conditions of Theorem hold. Thus, every solution z of (3.3)) is
either oscillatory or lim;_,, z(t) = 0. For example, z(t) = e~ is a solution of (3.3))

22 (1) + a7(7(t) =0, t€ [ty,00)T, (3.2)

4. CONCLUSIONS

In this paper, we consider the oscillatory behavior of the third-order nonlinear
delay dynamic equations (1.5)), the method is different from [25-27], and these
results are new.

Acknowledgments. The authors sincerely thank the reviewer for his/her valuable
suggestions and useful comments that have led to the present improved version of
the original manuscript.
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